The surface structure of the strained Si(001) (thickness of 20 nm) on Si 1Àx Ge x (x ¼ 0.1, 0.2, and 0.3) was studied by low-energy electron diffraction (LEED). LEED intensity-energy spectra of the 2 Â 1 reconstructed clean surfaces showed a systematic change that indicates the lattice contraction along the [001] direction remains even at the surfaces. The atomic structures were quantitatively determined, and they were compared with the unstrained pristine Si. The differences in the atomic position almost follow the difference in the bulk lattice constant determined by X-ray diffraction measurements. The results indicate that the strain produced at the Si/Si 1Àx Ge x interface remains unchanged up to the surface layer. Incorporation of strains in the Si channel is a promising technology for improvement of the performance of the metal oxide semiconductor field-effect transistor (MOSFET). [1] [2] [3] [4] [5] A leading method is to embed a Si 1Àx Ge x stressor layer beneath the channel layer. By incorporating Ge into Si, which has a $4% lager lattice constant than Si, the average lattice constant increases linearly as predicted by Vegard's law. The epitaxial Si grown on the Si 1Àx Ge x is laterally expanded and vertically contracted. The strain is expected to enhance the carrier mobility by reducing the effective mass and phonon scattering rate. 6 Actually, about twofold carrier mobilities were observed for the strained channels. 7, 8 Characterization of the strain structure at the channel surface is a necessary step for understanding the origin of the device performance and for the further improvement. The surface increases its importance as the gate length is decreased (nowadays, several tens of nm); ultimately, the structural determination of the topmost atomic layer will be required. The strain distribution has been recently probed by transmission electron microscopy (TEM) [9] [10] [11] and X-ray diffraction (XRD). [12] [13] [14] [15] [16] The XRD-based studies have observed strain distributions of $10 nm scale at the interface buried in the device architectures, but the atomic-scale structure of the surface has not been reported yet. The TEM-based studies imaged out the atomic arrangement at the surface region, but its resolution did not reach 0.01 Å order that is necessary for discussing the strain at the surface layers.
In this study, we focus on the atomic structure of the clean surface of the strained Si on Si 1Àx Ge x (x ¼ 0.1, 0.2, and 0.3). We used low-energy electron diffraction (LEED), which can routinely determine the surface structure up to the electron penetration depth of $1 nm with an accuracy of the order of 0.01 Å along the depth direction. The strained Si surfaces show a systematic change in the atomic layer position that indicates the survival of the epitaxial strain at the very surface.
Commercial Si/Si 1Àx Ge x wafers were used as the samples. The stacking structure of the wafer is shown in Fig. 1(a) ; the epitaxially strained Si layer (thickness of 20 nm) was on the Si 1Àx Ge x stressor layer (thickness of 1 lm). The stressor layer was on the compositionally graded Si 1Àn Ge n buffer layer (0 < n < x, thickness of 2 lm) grown on the Si(001) surface of the single-crystal substrate. We also used a commercial single-crystal Si(001) wafer as the reference.
Before studying the surface structure by LEED, we determined the average lattice constants of the strained Si layers by XRD (X'pert-MRD, Phillips). As shown in Fig. 1 , the h-2h scan around the Si 004 Bragg peak showed sharp discrete peaks from the substrate Si and Si 1Àx Ge x layer, the continuous peaks from the graded layer, and the broad peak from the strained Si layer. Detailed scans around each peak revealed that the [001] direction of the strained Si coincides with that of the Si 1Àx Ge x layer, but it differs from that of the substrate Si by $0. 18 . The Si 1Àn Ge n graded layer showed intermediate values of the misorientation, indicating that the small orientational transition occurred in the graded layer. From the 004 peak of the strained Si and 115 peaks of the Si 1Àx Ge x (not shown), the lattice constants of the strained Si were determined, as shown in Table I . We confirmed that, by using synchrotron XRD measurements (BL18B of Photon Factory, KEK), the (1 1) diffraction rod of the strained Si layers was commensurate with that of Si 1Àx Ge x and did not show peak splitting, which indicates that the strained Si layers were not laterally relaxed. We note that the 004 peak of the strained Si layers overlaps with the substrate peak to some extent, as seen in Fig. 1(b) . Therefore, the contribution of the substrate profile was subtracted to estimate the lattice constant c of the strained Si layers. From the determined lattice constants, the Poisson's ratios for the biaxial strain, ¼ ? =ðÀ2 k þ ? Þ, were calculated as 0.28, which coincides with 0.278 of single-crystal Si.
For the surface structure analysis, the surfaces of the strained Si layers and pristine Si were prepared by wet chemical treatments and the subsequent annealing in ultra high vacuum (UHV) as follows. The sample was dipped into a piranha solution (H 2 SO 4 and then washed with ultra pure water for 10 min. These processes were repeated three times to prepare the hydrogenterminated surface. 17 After the wet chemical cleaning, the sample was quickly transferred into a load-lock vacuum chamber. The total exposure time to air was less than 90 s. The sample showed a 1 Â 1 LEED pattern with a rather high background due to the imperfectness of the surface. 17 The 1 Â 1 pattern became very weak in a short time ($10 s) during the LEED observation, probably due to the desorption of hydrogen by the electron beam irradiation (current density was $1 lA/mm 2 ). In order to prepare the atomically clean uniform surface, the sample was annealed in the UHV chamber (1 Â 10 À8 Pa) at 750 C for 10 min. We confirmed that after the annealing the h-2h XRD intensity profile was essentially unchanged, as shown in Fig. 1(b) . This indicates that the interdiffusion of Si or Ge was negligible at 750 C, as expected from the previous study. 18 The annealed samples showed clear 2 Â 1 LEED patterns at room temperature, as shown in Figs. 2(a) and 2(b) . The Â2 periodicity stems from the formation of the so-called buckled Si dimer at the top layer, as illustrated in the inset of Fig. 2(a) . 19 Indeed, the 2 Â 1 structure has pm symmetry, but the LEED pattern shows p4mm symmetry. This is due to the existence of the 1 Â 2 twin domain and the dynamical motion of the buckled dimer. 19 In the following LEED intensityenergy [I(E)] analysis, in order to eliminate the possible difference in the population of the twin domains, we used intensities averaged over the p4mm-symmetric spots. 20 Hereafter, the averaged spots are represented as fm=2 n=2g (m and n are integers).
For each surface, the LEED I(E) spectra of seven halforder spots and eight integral spots were measured at room temperature in steps of 1 eV within a range of 50-400 eV.
The total number of the data points was 3260. As seen in Figs. 2(c) and 2(d), the LEED I(E) spectra showed a systematic change; the peak positions are shifted to higher energies as the biaxial tensile strain (Ge content of the Si 1Àx Ge x ) increases. This result indicates that the surface layers were contracted along the out-of-plane direction due to the inplane tensile strain.
The surface atomic structures were quantitative analyzed by using the dynamical LEED theory. The SATLEED package 21 was used to calculate the LEED I(E) spectra. Angular momentum up to 9 (l max ¼ 9) was used to calculate the atomic scattering. The 2 Â 1 structure was optimized so that the calculated LEED I(E) spectra agreed with the experimental ones. The Pendry R-factor (R P ) 22 was used as the measure of the agreement. According to the previous LEED study on the pristine Si, the structural relaxation induced by the Si dimer penetrates to at least the eighth atomic layer in depth [see the structure model in Fig. 4 ]. 23 Thus, in this study, we allowed the eight atomic layers to relax within a pm symmetry restriction. Below the eighth layer, the atomic positions were fixed on the lattice positions defined by the lattice constants of Table I . We also optimized the Debye temperatures (thermal vibrational amplitudes) of the top four layers. In Fig. 3 , the best-fit I(E) spectra of the strained Si on Si 0.8 Ge 0.2 are compared with the experimental ones. They show good agreement (R P ¼ 0.14). All other samples also show good agreement (R P 0.14).
The determined atomic coordinates are given in the supplementary material. 24 The coordinates of the pristine Si agree well with the previous studies except for the Si dimer. 20, 23, 25, 26 The height difference of the dimer atoms is 0.58 Å in this study, while it is about 0.7-0.8 Å in the previous studies, in which the surface was cleaned by annealing at much higher temperatures (more than 1000 C). Since buckling of the dimer is significantly affected by a small amount of surface impurities, 27 ,28 the smaller dimer-buckling of our sample would be caused by the surface impurities that were not removed by the annealing at the relatively low temperature of 750 C. We actually found that more dirty surfaces showed smaller buckings in the LEED analysis. Here, we discuss the atomic structures of the best-quality samples to minimize the effect of surface impurities as possible. The atomic positions of the strained Si surfaces were compared with the pristine Si surface in order to reveal the existence of the strain at the surfaces. Fig. 4 shows the height differences of the atomic layers with respect to the pristine Si surface, representing the lattice contractions at the surface region. The origin of the height is the ninth layer that was fixed at the bulk position in the LEED analysis. The error bars arise from the errors of the structural parameters as determined from the variance of the R P factor. 22 The height of the atomic layer is a weighted average of the two atoms of the same layer in the 2 Â 1 unit cell. The solid lines in Fig. 4 are the reference values calculated for the bulk lattice constants c as listed in Table. A possible origin of the deviation is the lattice distortion caused by the surface reconstruction that may not linearly respond to the bulk strains. Although we cannot elucidate the origin of the surface effect, the clear systematic change of the surface lattice constant leads us to the conclusion that the bulk strains penetrate up to the surface layer.
In conclusion, the atomic structure of the 2 Â 1 clean surface of the strained Si on Si 1Àx Ge x (x ¼ 0.1, 0.2, and 0.3) were studied by LEED I(E) analysis. The determined surface structures demonstrate that the epitaxial strain is retained through the 20-nm thick layer to the very surface. We note that in practical devices the surface strains would be Table I. 
